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Abstract
We study the phenomenology of singlet Dirac fermion dark matter in the sim-
plified models where the dark matter interacts with the Standard Model particles
at loop-level with the help of either colored or non-colored mediators. We especially
focus on the implications of non-zero CP phases in the dark sector, which induce
the electric dipole moments of the Dirac fermion dark matter as well as those of
electron and nucleon. It is then found that the dark matter direct detection searches
and the measurements of the electric dipole moments are able to test the singlet
Dirac fermion dark matter scenario in the forthcoming experiments.
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1 Introduction
Weakly-interacting massive particles (WIMPs) offer the most promising framework to
explain dark matter (DM) in the Universe, as their thermal relic abundance naturally
agrees with the observed DM density. A variety of possibilities for WIMP DM candidates
have been proposed and studied so far [1]; for instance, a real or complex scalar particle
that is singlet under the Standard Model (SM) gauge interactions and is stabilized by,
e.g., a Z2 symmetry is known to be the simplest example for WIMP DM [2]. This scalar
DM has a quartic coupling with the SM Higgs field at the renormalizable level, which
allows the DM particles to annihilate into SM particles. This DM interacts with nucleons
through this quartic coupling, which enables us to test this DM model in future DM direct
detection experiments.
Fermionic DM candidates are, on the other hand, classified into either a Majorana
or Dirac fermion. It turns out that these two classes of DM candidates have different
phenomenological properties, as Majorana fermions have neither vector nor dipole inter-
actions, while Dirac fermions are able to have both of those interactions. In addition, pair
annihilation cross sections of Majorana fermions into light fermions are suppressed as the
s-wave annihilation requires chirality flip, while those of Dirac fermions are free from such
suppression. Thus, for Dirac fermion DM, heavier mass regions may be favored in terms
of the thermal relic abundance compared to Majorana fermion DM, which allows a simple
explanation for the null results in the existing DM searches such as the LHC and DM
direct detection experiments.
In this paper, we focus on the singlet Dirac fermion DM. If DM is a Dirac fermion,
there should exist a U(1) symmetry, either global or gauged, under which the DM has
a non-zero charge so that the nature of Dirac fermion is maintained. This possibility is
theoretically interesting since it explains the stability of the DM as in the case of proton,
which is cosmologically stable because of an accidental global U(1) symmetry (baryon
number) in the SM. Such a setup is also motivated by the so-called asymmetric DM
scenario [3], in which asymmetry in the DM particle and antiparticle number densities
accounts for the observed DM density.
When DM is a fermion which is singlet under the SM gauge interactions, additional
fields called mediators are required in order for the DM to interact with the SM sector.
This is because there is no renormalizable intearction of the DM with the SM fields. A
variety of options for introducing such mediators have been considered so far. A simple
way is to add a singlet scalar particle which couples to both the fermionic DM and the
SM Higgs boson [4]. Another way is to assume that DM couples to a neutral gauge boson
which interacts with the SM fields as well [5, 6]. Moreover, if there are extra scalars that
have the same quantum numbers as those of the SM fermions, DM may couple to the SM
fermions directly with the help of these scalar particles [7–9]. If one introduces an SU(2)L
doublet fermion with hypercharge ±1/2, we may also couple the singlet fermion DM to
the SM Higgs field.
In all of the above cases, the fermionic DM couples to the SM sector at tree level. On
the other hand, in this paper, we study the cases where the Dirac fermion DM does not
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couple to the SM sector at tree level, but does couple to it at loop level. To that end,
we consider simplified Dirac fermion DM models, where extra fermions and scalars with
non-zero SM gauge charges are coupled with the Dirac fermion DM.1 As mentioned above,
the Dirac fermion DM may have vector and tensor couplings, which considerably affect
the direct detection rate of DM. However, the significance of these couplings depends on
models. For instance, if the Dirac fermion DM had a direct coupling with light quarks
via a mediator, this interaction would induce vector-current four-Fermi interactions with
light quarks at tree level after the mediator is integrated out, but such interactions cause a
large DM-nucleus scattering cross section and thus have already been severely constrained
by the DM direct detection experiments. If, on the other hand, the Dirac fermion DM
is coupled to the SM sector at loop level, these vector interactions are suppressed by
a loop factor and the direct detection bound may be evaded. It turns out that in this
case the tensor couplings may give significant contributions to the DM direct detection
even if they are also suppressed by one-loop factor. The Dirac fermion DM may have a
magnetic dipole moment (MDM)—and an electric dipole moment (EDM) as well if the
DM-mediator interactions contain CP phases. These dipole moments open up possibilities
to test this DM candidate in DM direct detection experiments [11].
As it turns out, the detectability of the DM through the dipole moments is considerably
affected by the size of the EDM, which depends on the CP phases in the DM-mediator
couplings. These CP phases, as well as the CP phases in the mediator-Higgs couplings,
also induce CP-odd quantities in the SM sector at loop level, and thus we may probe
them through the measurements of electron and nucleon EDMs. In particular, if the
Dirac fermion DM is accompanied with colored mediators, they generate the dimension-
six Weinberg operator [12], which then induces nucleon EDMs. We thus expect a close
correlation between the DM and nucleon EDMs, which has significant implications for the
testability of this DM scenario in the future DM direct detection and EDM experiments.
This paper is organized as follows. In the next section, we show our simplified Dirac
fermion DM models. We then briefly discuss the thermal relic abundance of DM in the
models in Sec. 3. The DM direct detection and the electron and nucleon EDMs generated
in these model are discussed in Sec. 4 and Sec. 5, respectively. Then, in Sec. 6, we show
the current constraints on our simplified Dirac fermion DM models, and discuss their
testability in future experiments. Section 7 is devoted to conclusion and discussion.
2 Simplified Dirac Fermion DM Models
2.1 Field content and Lagrangian
To begin with, we show our simplified Dirac fermion DM models which we discuss in this
paper. The Dirac fermion DM χ is composed of two Weyl fermions, ξχ and ηχ, which
1See also Ref. [10] for a relevant work, where the Dirac fermion DM is supposed to interact with the
SM sector at loop level through non-colored mediators. In this paper, we also consider colored mediators,
which give rise to rich phenomenology as we see below.
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Table 1: Quantum numbers of DM and mediators. A new global symmetry U(1)D is for
stability of the DM.
Field Spin SU(3)C SU(2)L U(1)Y U(1)D
ξχ 1/2 1 1 0 +1
ηχ 1/2 1 1 0 −1
ξQ 1/2 3 2
1
6
0
ηQ 1/2 3 2 −16 0
Q˜ 0 3 2 1
6
+1
ξu¯ 1/2 3 1 −23 0
ηu¯ 1/2 3 1
2
3
0˜¯u 0 3 1 −2
3
−1
ξd¯ 1/2 3 1
1
3
0
ηd¯ 1/2 3 1 −13 0˜¯d 0 3 1 1
3
−1
ξL 1/2 1 2 −12 0
ηL 1/2 1 2
1
2
0
L˜ 0 1 2 −1
2
+1
ξe¯ 1/2 1 1 1 0
ηe¯ 1/2 1 1 −1 0˜¯e 0 1 1 1 −1
are assumed to be singlet under the SM gauge interactions.2 We then introduce a global
U(1) symmetry, U(1)D, and assume that these fermions have the U(1)D charge +1 and
−1, respectively. The SM particles are supposed to be singlet under the U(1)D symmetry.
In addition, we introduce vector-like fermions and complex scalars as mediators, in
order to couple the Dirac fermion DM to the SM sector at loop level. These additional
particles have SM gauge interactions, which then induce the couplings of the DM with
the SM gauge bosons through quantum corrections. To avoid stable charged/colored
fermions, we assume the extra vector-like fermions to have the same quantum numbers
as those of the SM fermions and to mix with the SM fermions by a small amount. Thus,
these extra fermions should be singlet under U(1)D. For the DM to couple with the extra
fermions, we need to assume that the extra scalar particles also have the same quantum
numbers as those of the SM fermions and are charged under U(1)D. These U(1)D-charged
2Weyl fermions are assumed to be left-handed throughout this paper.
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scalars are supposed to be heavier than the Dirac fermion DM to insure the stability of
DM.
We list sets of such extra scalars and fermions and show their quantum numbers in
Table 1. Here, all of the fermionic fields are introduced in a vector-like manner so that
they form Dirac fields. This simultaneously assures that these new fermions do not cause
gauge anomaly. In addition, since the Dirac fermion DM is the only fermion that has
non-zero U(1)D charge, this U(1)D symmetry is also anomaly-free.
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In what follows, we consider two models where different sets of fields are added to the
SM besides the Dirac fermion DM χ; Model I contains ξQ, ηQ, Q˜, ξu¯, ηu¯, ˜¯u, ξd¯, ηd¯, and ˜¯d,
while Model II includes ξL, ηL, L˜, ξe¯, ηe¯, and ˜¯e. These sets of particles are shaded in pink
and green in Table 1, respectively. These two models are qualitatively different, since in
Model I the DM interacts with colored particles while it does not in Model II. We also
denote the SU(2)L component fields of ξQ, ηQ, ξL, and ηL by
ξQ =
(
ξu
ξd
)
, ηQ =
(
ηu
ηd
)
, ξL =
(
ξν
ξe
)
, ηL =
(
ην
ηe
)
, (1)
respectively, while for Q˜ and L˜
Q˜ =
(
u˜
d˜
)
, L˜ =
(
ν˜
e˜
)
. (2)
The mass terms of these fields are given by
Lmass =−
[
µχξχηχ +
∑
f
µfξfηf + h.c.
]
−
∑
f
m˜2f |f˜ |2 , (3)
where the sum is taken over the extra matters in each model. m˜2f are real, while µχ and
µf are in general complex quantities.
In both of the models, the Dirac fermion DM has the following interactions:
Lχff˜ = aQ ξχξQQ˜∗ + bQ ηχηQQ˜+ au¯ ξχηu¯˜¯u+ bu¯ ηχξu¯˜¯u∗ + ad¯ ξχηd¯˜¯d+ bd¯ ηχξd¯˜¯d∗
+ aL ξχξLL˜
∗ + bL ηχηLL˜+ ae¯ ξχηe¯˜¯e+ be¯ ηχξe¯˜¯e∗ + h.c. . (4)
These interactions induce the annihilation of the DM into the extra vector-like fermions
via t-channel exchange of the extra scalars if the vector-like fermions are lighter than the
DM.
3For this reason, we may also consider the gauged U(1)D symmetry instead of the global symmetry. In
this case, the Dirac fermion DM has the U(1)D gauge interaction, which may affect its phenomenological
properties significantly. Although this is an interesting possibility, we do not consider this case in the
following discussion.
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The vector-like fermions may have Yukawa couplings with the SM Higgs field H as
they are allowed by the gauge invariance in the models,
LYukawa =− κu¯ξu¯αβ(ξQ)α(H)β − κ′u¯ηu¯(ηQ)α(H˜)α
− κd¯ξd¯(ξQ)α(H†)α − κ′¯dηd¯(ηQ)α(H)α
− κe¯ξe¯(ξL)α(H†)α − κ′e¯ηe¯(ηL)α(H)α + h.c. , (5)
where α, β are SU(2)L indices, αβ is the anti-symmetric tensor with 12 = −21 = +1, and
H˜ ≡ iτ2H†. Note that, in this paper, we have defined ηQ and ηL such that they transform
as anti-fundamental representations of SU(2)L; i.e., iτ2ηQ and iτ2ηL are fundamental
representations of SU(2)L, where τa (a = 1, 2, 3) are the Pauli matrices. As mentioned
above, we assume that the extra vector-like fermions have small but non-zero Yukawa
couplings with the SM fermions so that these vector-like fermions decay into the SM
fermions;4 we do not show these terms explicitly here and hereafter. The new scalar fields
may also have trilinear terms similar to the terms in Eq. (5):
Ltri = −Au¯˜¯uαβ(Q˜)α(H)β − Ad¯˜¯d(Q˜)α(H†)α − Ae¯˜¯e(L˜)α(H†)α + h.c. . (6)
In addition, there may be quartic couplings
Lquart = −
∑
f
λf |f˜ |2|H|2 − λ′QQ˜†τaQ˜H†τaH − λ′LL˜†τaL˜H†τaH + . . . , (7)
where dots indicate other quartic terms that contain only the new scalar fields. Such
terms are irrelevant to the following analysis, and thus we neglect them in what follows.
The extra-scalar interactions in Eqs. (6) and (7) give rise to the mass terms of the extra
scalars as we see in the next subsection.
2.2 Mass eigenstates
After the Higgs field develops a vacuum expectation value (VEV),5
〈H〉 = 1√
2
(
0
v
)
, (8)
with v ' 246 GeV, the extra fermions and scalars mix among each other. For the fermionic
part, the mass terms are
L(ferm)mass = −
∑
f=u,d,e
(
ηf , ξf¯
)Mf (ξf
ηf¯
)
− µLξνην + h.c. , (9)
4The upper limits on the mixing angles between the SM fermions and the vector-like fermions imposed
by flavor experiments are O(10−4) in the most stringent cases (see, e.g., Refs. [13–16]); with this size of
mixing angles, the vector-like fermions decay almost promptly.
5We take v to be real without loss of generality.
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where
Mu =
(
µQ
v√
2
κ′u¯
v√
2
κu¯ µu¯
)
, Md =
(
µQ
v√
2
κ′¯
d
v√
2
κd¯ µd¯
)
, Me =
(
µL
v√
2
κ′e¯
v√
2
κe¯ µe¯
)
. (10)
Each mass matrixMf (f = u, d, e) is diagonalized by means of biunitary transformation
as
V †fRMfVfL =
(
mf1 0
0 mf2
)
, (11)
where mfi (i = 1, 2) are real and non-negative, and we denote the corresponding Dirac
fermions in the mass eigenbasis by ψfi . The relations between the mass eigenstates and
the weak eigenstates are given by(
ξf
ηf¯
)
= VfL
(
ψf1L
ψf2L
)
,
(
η†f
ξ†
f¯
)
= VfR
(
ψf1R
ψf2R
)
, (12)
where L (R) represents the left-handed (right-handed) components of ψfi . The Dirac
mass term for ξν and ην is taken to be real and non-negative via an appropriate phase
rotation, where the Dirac field is given by
ψν =
(
e
i
2
θLξν
e−
i
2
θLη†ν
)
, (13)
with θL ≡ arg(µL), and its mass is given by mν = |µL|. Similarly, by defining the Dirac
fermion DM field
χ ≡
(
e
i
2
θχηχ
e−
i
2
θχξ†χ
)
, (14)
with θχ ≡ arg(µχ), we have the DM mass term of the form −mχχχ with mχ ≡ |µχ|.
As we see, the DM fermions ξχ and ηχ form a Dirac fermion with an identical mass
mχ. This remains unchanged even if radiative corrections are included. This is because
the interaction terms presented in the previous subsection preserve the U(1)D symmetry,
which is not spontaneously broken as the SM Higgs field H is not charged under the U(1)D
symmetry. Since ξχ and ηχ are charged under U(1)D, Majorana mass terms for these fields,
with which these two fields split into two Majorana fermions, are not generated as long
as the U(1)D symmetry is preserved.
For the scalar fields, on the other hand, the mass terms are written as
L(sca)mass = −
∑
f=u,d,e
(
f˜ ∗, ˜¯f)M˜2f
(
f˜˜¯f ∗
)
− m˜2ν |ν˜|2 , (15)
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where
M˜2u =
(
m˜2Q +
λQ−λ′Q
2
v2 v√
2
A∗u¯
v√
2
Au¯ m˜
2
u¯ +
λu¯
2
v2
)
, M˜2d =
(
m˜2Q +
λQ+λ
′
Q
2
v2 v√
2
A∗¯
d
v√
2
Ad¯ m˜
2
d¯
+
λd¯
2
v2
)
,
M˜2e =
(
m˜2L +
λL+λ
′
L
2
v2 v√
2
A∗e¯
v√
2
Ae¯ m˜
2
e¯ +
λe¯
2
v2
)
, m˜2ν = m˜
2
L +
λL − λ′L
2
v2 . (16)
The mass matrices M˜2f (f = u, d, e) are Hermitian, and thus diagonalized by unitary
matrices V˜f as
V˜ †f M˜2f V˜f =
(
m˜2f1 0
0 m˜2f2
)
, (17)
with the mass eigenstates given by(
f˜˜¯f ∗
)
= V˜f
(
f˜1
f˜2
)
. (18)
The interactions of the new particles in the mass eigenbasis are presented in Appendix A.
2.3 CP phases
Many of the couplings newly introduced in our simplified Dirac fermion DM models are
in general complex. Field redefinition cannot remove all of the CP phases, and thus the
remaining CP phases are physical. These physical CP phases induce the EDM of the
Dirac fermion DM as well as those of electron and nucleon. As it turns out, the EDM of
the DM significantly affects the DM direct detection rate.
For later use, let us summarize the physical CP phases and express them in a rephasing
invariant manner:
ϕµf ≡ arg(µχµfa∗fb∗f ) , (19)
for f = Q, u¯, d¯, L, e¯, and
ϕκf¯ ≡ arg(µfµf¯κ∗¯fκ′∗¯f ) , ϕAf¯ ≡ arg(Af¯µfbf¯b∗fκ∗¯f ) , (20)
for f = u, d, e. The combinations Af¯µ
∗
fafa
∗¯
f
κ′¯
f
are also rephasing invariant though the
phases are given by linear combinations of the above phases.
3 Thermal Relic Abundance
The DM couplings in Eq. (4) keep the Dirac fermion DM χ in thermal equilibrium with the
SM particles in the early Universe. Once the temperature of the Universe falls down below
the DM mass, its number density exponentially decreases, and eventually the annihilation
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processes freeze out, and the number of the DM particles in a unit comoving volume
becomes constant. The resultant DM relic density is thus determined by only the pair
annihilation cross section of the DM particles at the decoupling temperature, unless other
particles with nonzero U(1)D charges are degenerate with the DM particles in mass so
that significant amount of these particles is left in the thermal bath at the decoupling
temperature.
In the present model, the DM particles annihilate through the couplings in Eq. (4);
they annihilate into the vector-like fermions through the t-channel scalar exchange pro-
cesses if the vector-like fermions are lighter than the Dirac fermion DM. If the vector-like
fermions are heavier than the DM, on the other hand, the tree-level annihilation processes
into the vector-like fermions are kinematically forbidden and they annihilate into the SM
particles at loop level; therefore, in this case the annihilation cross section is much smaller
than the former case. To obtain a sizable annihilation cross section, we assume through-
out this work that the vector-like fermions are lighter than the Dirac fermion DM, though
we may find a parameter region in which the correct relic abundance is obtained even
when the DM particle is lighter than the vector-like fermions.
The Dirac fermion and its antiparticle annihilate efficiently via s-wave annihilation
processes. Expanding in powers of the relative velocity between these particles, vrel, and
keeping only the leading contribution, we obtain the cross section of the annihilation
process χχ→ ψfiψfj , σ(i,j)ann , as
σ(i,j)ann vrel '
Ncm
2
χ
32pi
[
1− m
2
fi
+m2fj
2m2χ
+
(m2fi −m2fj)2
16m4χ
] 1
2
×
∑
k,l
1[
m˜2fk +m
2
χ − 12(m2fi +m2fj)
][
m˜2fl +m
2
χ − 12(m2fi +m2fj)
]
×
[(
C∗ikfχLC
il
fχL + C
∗ik
fχRC
il
fχR
)(
1 +
m2fi −m2fj
4m2χ
)
+
(
C∗ikfχRC
il
fχL + C
∗ik
fχLC
il
fχR
) mfi
mχ
]
×
[(
C∗jlfχLC
jk
fχL + C
∗jl
fχRC
jk
fχR
)(
1− m
2
fi
−m2fj
4m2χ
)
+
(
C∗jlfχRC
jk
fχL + C
∗jl
fχLC
jk
fχR
) mfj
mχ
]
,
(21)
where Nc = 3 (1) for vector-like quark (lepton) final states. The couplings C
ik
fχL/R are
given in Appendix A.3. Notice that this s-wave contribution remains sizable even if the
DM couplings are purely chiral (either CikfχR or C
ik
fχL vanishes) and the final state fermions
are massless (mfi = 0), contrary to the case of Majorana fermion DM.
To roughly estimate the typical size of the annihilation cross section, we take af =
8
af¯ = a, bf = bf¯ = κf¯ = κ
′¯
f
= Af¯ = θχ = 0, mfi = mf , and m˜fi = m˜f . We then have
σannvrel ' Nc|a|
4
32pi
[
1− m
2
f
m2χ
] 1
2 m2χ[
m˜2f +m
2
χ −m2f
]2
' Nc|a|4
[
1− m
2
f
m2χ
] 1
2
(
mχ
1 TeV
)2(
1 TeV2
m˜2f +m
2
χ −m2f
)−2
× 10−25 cm3/s , (22)
for each vector-like fermion. It is known that the thermal relic abundance of Dirac fermion
DM reproduces the observed value of the DM density, ΩDMh
2 ' 0.12 [17], if its thermal-
averaged annihilation cross section is ' 2 × (2 − 3) × 10−26 cm3/s, where the factor of
two is included as both DM fermion and anti-fermion contribute to the relic density. This
simple estimation shows that the thermal relic abundance of the singlet Dirac fermion
DM agrees to the correct DM density if the DM, vector-like fermions, and new scalars lie
around the TeV scale and the relevant couplings are O(1), which we confirm below.
In principle, one could require the condition that the thermal relic abundance of the
Dirac fermion DM should reproduce ΩDMh
2 ' 0.12 [17] so that a parameter in this
model is fixed as a function of the other parameters, and make predictions for other
observables with this constraint imposed. It turns out, however, that this restriction is
not so much instructive; first and foremost, the present model has many free parameters
and this constraint does not improve the predictivity of this model so much. Second, if
the scalar particles are degenerate with the DM in mass (with . 10% mass degeneracy),
the thermal relic abundance significantly decreases because of the coannihilation effects
[18], while other observables are rather insensitive to this degeneracy. In particular, when
the colored scalars are degenerate in mass with the DM, the Sommerfeld effect [19–21]
and bound-state effect [22, 23] due to QCD interactions significantly reduce the relic
abundance. This again spoils a tight correlation between the DM relic density and other
observables. Moreover, the Dirac fermion DM accommodates various possibilities that
affect its relic abundance, such as the asymmetric DM scenario [3], the presence of extra
light U(1) gauge bosons and/or singlet scalar fields, and so on. In most of the cases, these
new possibilities have little effect on the detectability of the DM, while the regions favored
by thermal relic abundance are considerably changed. For these reasons, in the following
analyses, we do not strictly impose the relic abundance condition; we regard all variables in
our model as free parameters and show the parameter region favored by the thermal relic
abundance just for reference. We however note in passing that we assume the standard
cosmological history in our calculations of the DM relic abundance—deviations from the
standard picture, such as the late-time entropy production after the DM freeze-out, may
also affect the DM relic abundance significantly.
4 Direct Detection
In our simplified Dirac fermion DM models, the singlet Dirac fermion DM couples with the
SM particles through the radiative corrections. Thus, the DM candidate may be tested in
9
f˜kf˜j
ψfi
γ, Z
χ χ
ψfiψfj
f˜k
γ, Z
χ χ
Figure 1: Feynman diagrams for effective DM-γ/Z interactions.
direct DM searches. In this section, we calculate the relevant effective interactions of the
DM with SM fields, and then evaluate the expected event rates in DM direct detection
experiments.
4.1 Effective interactions
To begin with, let us consider the effective couplings of DM with photon (γ). The Dirac
fermion DM couples with photon at one-loop level through the Feynman diagrams de-
picted in Fig. 1. The relevant DM-γ interactions for the direct detection experiments are
given by
Leff–γ = 1
2
CγMχσ
µνχFµν − i
2
CγEχσ
µνγ5χFµν + C
γ
Rχγ
µχ∂νFµν , (23)
with Fµν being the field strength of the photon field, Aµ: Fµν ≡ ∂µAν − ∂νAµ. Here CγM ,
CγE, and C
γ
R denote the Wilson coefficients for the DM magnetic dipole moment (DM-
MDM), the DM electric dipole moment (DM-EDM), and the DM charge radius (DM-CR),
respectively. These Wilson coefficients are obtained through the matching of our models
onto the effective theory with these interactions; the concrete expressions for these Wilson
coefficients are summarized in Appendix B.1. The DM-EDM is induced in the presence
of non-zero CP-phases in the DM-mediator couplings. We note in passing that we have
ignored the DM anapole moment, described by the effective operator χ¯γµγ5χ∂
νFµν , as
this contribution is always subdominant due to the velocity suppression.
As we see in Sec. 2, there are many free parameters in both Model I and II. To
simplify the analysis, in what follows, we focus on the following five cases and study their
phenomenologies:
• Model I-A: Model I with aQ = au¯ = ad¯ ≡ a and bQ = bu¯ = bd¯ ≡ b.
• Model I-B: Model I with aQ = ad¯ = bQ = bd¯ = 0, au¯ ≡ a, and bu¯ ≡ b.
• Model I-C: Model I with aQ = au¯ = bQ = bu¯ = 0, ad¯ ≡ a, and bd¯ ≡ b.
• Model II-A: Model II with aL = ae¯ ≡ a and bL = be¯ ≡ b.
10
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Figure 2: DM-MDM and DM-EDM, gM and gE, as functions of DM mass mχ in the black
and purple lines, respectively. We take a = |b| = 1, λ′Q = λ′L = 0, λf = κf¯ = κ′¯f = 0.5,
µQ = µL = 800 GeV, µu¯ = 750 GeV, µd¯ = µe¯ = 700 GeV, while m˜Q = m˜L = 1.2M ,
m˜u¯ = 1.1M , m˜d¯ = m˜e¯ = M , and Af¯ = 2M (M = 1.1mχ). The solid and dashed lines
correspond to arg(b) = 0.1 and 1 degrees, respectively.
• Model II-B: Model II with bL = aL = 0, ae¯ ≡ a, and be¯ ≡ b.
The rest of the parameters are set to be certain appropriate values in each analysis.
In Fig. 2, we show the values of the DM-MDM and DM-EDM as functions of the DM
mass mχ in the black and purple lines, respectively, where the Wilson coefficients are
normalized such that
CγM ≡
egM
4mχ
, CγE ≡
egE
4mχ
. (24)
In all of these plots we take a = |b| = 1, λ′Q = λ′L = 0, λf = κf¯ = κ′¯f = 0.5, µQ = µL =
800 GeV, µu¯ = 750 GeV, µd¯ = µe¯ = 700 GeV, while m˜Q = m˜L = 1.2M , m˜u¯ = 1.1M ,
m˜d¯ = m˜e¯ = M , and Af¯ = 2M (M = 1.1mχ).
6 The solid and dashed lines correspond to
6 Let us give some comments on the present LHC bounds on the masses of the extra scalars and
fermions. For vector-like quarks, the limits strongly depend on their decay modes. If they decay into
third-generation quarks, the present limits on the masses are as strong as & 1.3 TeV [24, 25]. If, on the
other hand, they can decay into only the light quarks, the limits can be lower than 500 GeV, depending on
their decay channels [26, 27]. For colored scalars, we refer to squark searches; for a DM mass of & 1 TeV,
colored scalars evade the LHC limits as long as their masses are larger than the DM mass [28, 29]. The
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Figure 3: Feynman diagrams for effective DM-Higgs interactions.
arg(b) = 0.1 and 1 degrees, respectively. These plots show that both DM-MDM and EDM
described by gM and gE, respectively, have little dependence on the DM mass, as we fix
the ratios between the DM mass and the scalar masses. In addition, the DM-MDM is
almost independent of the CP phases in the DM-mediator couplings, while the DM-EDM
strongly depends on these phases as expected.
At one-loop level, the DM-Z boson, DM-Higgs boson, and DM-gluon interactions
are also induced through the diagrams shown in Fig. 1, Fig. 3, and Fig. 4, respectively.
Explicit formulae for these effective interactions are given in Appendix B.2, B.3, and B.4,
respectively. In what follows, we focus on the spin-independent interactions since the
limits on these interactions from the direct detection experiments are much stronger than
those on the spin-dependent interactions. We also neglect the effective interactions that
are suppressed in the non-relativistic limit.
We further integrate out the Z and Higgs bosons to obtain the effective DM-quark/gluon
operators. At low energies with three flavor quarks, the relevant interactions are7
Leff–q/g = CqV χγµχqγµq + CqSmqχχqq + CgSχχ ·
αs
pi
GAµνG
Aµν , (25)
where mq are the quark masses, αs ≡ g2s/(4pi) with gs the strong gauge coupling constant,
and GAµν is the gluon field strength tensor. The vector and scalar couplings C
q
V and C
q
S are
generated via the Z and Higgs boson exchange processes, respectively, while the gluonic
interaction is induced by the Higgs exchange as well as the vector-like quark loop diagrams
shown in Fig. 4. The Wilson coefficients of these operators are given in Appendix B.5.
bounds on non-colored vector-like fermions and scalars are much weaker than those on colored particles.
Taking account of these limits, in our analysis, we set the vector-like fermion masses to be & 700 GeV
and the scalar masses to be > mχ ≥ 1 TeV.
7We include the factor αs/pi in the definition of the gluon scalar operator such that it is invariant
under the renormalization group (RG) flow at one-loop level [30, 31]. This operator runs and mixes with
the quark scalar operators at higher orders in αs, while the vector operator is invariant under the RG
flow.
If we turn on the electroweak (EW) radiative corrections, the vector operator mixes with other operators
which we have not shown here [32–35]. For example, the χ¯γµχq¯γµγ5χ effective interaction induces the
vector operator through the EW RG effect, which is order
y2t
pi2 ln(v/mmed) ∼ O(10%). It is however found
that such contributions rarely affect the resultant scattering cross section since the contribution of the
vector operator is always subdominant, as we see in Fig. 5. We thus ignore such effects in our analysis.
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Figure 4: Feynman diagrams for effective DM-gluon interactions.
These quark/gluon operators then induce the spin-independent DM-nucleon interac-
tions, which are described by
Leff–N = f (N)V χγµχNγµN + f (N)S χχNN , (26)
where N = p, n represents the nucleon field. The DM-nucleon vector coupling f
(N)
V is
readily obtained from the DM-quark couplings CqV as
f
(p)
V = 2C
u
V + C
d
V , f
(n)
V = C
u
V + 2C
d
V . (27)
On the other hand, to obtain the DM-nucleon scalar coupling f
(N)
S from the quark/gluon
scalar couplings CqS and C
g
S, we need the nucleon matrix elements of the quark scalar
operators defined by f
(N)
Tq
≡ 〈N |mq q¯q|N〉/mN with mN the nucleon mass. A recent
compilation [36] gives
f
(p)
Tu
= 0.018(5) , f
(p)
Td
= 0.027(7) , f
(p)
Ts
= 0.037(17) ,
f
(n)
Tu
= 0.013(3) , f
(n)
Td
= 0.040(10) , f
(n)
Ts
= 0.037(17) . (28)
At leading order in αs, we then have [37]
f
(N)
S
mN
=
∑
q=u,d,s
CqSf
(N)
Tq
− 8
9
CgSf
(N)
TG
, (29)
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Figure 5: Green, red, blue, and black lines show the absolute values of f
(p)
V , f
(p)
S , eC
γ
R,
and eCγM/(2mχ) as functions of the DM mass, respectively, with the minus sign indicated
if the corresponding quantity is negative. Here we take the same parameter sets as in
Fig. 2.
with f
(N)
TG
≡ 1−∑q=u,d,s f (N)Tq .
To see the significance of the contributions of the vector and scalar interactions as
well as that of the charge radius, in Fig. 5, we plot the absolute values of f
(p)
V , f
(p)
S ,
eCγR, and eC
γ
M/(2mχ) as functions of mχ in the green, red, blue, and black lines, respec-
tively, with the minus sign indicated if the corresponding quantity is negative. As we
see below (Eq. (30)), these terms interfere with each other to give a contribution to the
spin-independent charge-charge scattering of the DM with protons. We will see below
that there is cancellation among these contributions. We also note that although f
(N)
V
and f
(N)
S are induced by the dimension-less effective DM-Z and DM-Higgs couplings, they
are suppressed as the DM mass gets large. This is because the generation of these cou-
plings requires the electroweak-symmetry-breaking effect as mentioned in Appendix B,
which results in an additional suppression factor with the heavy mass scale. From the
dimensional analysis, f
(N)
S is proportional to 1/mχ for mχ  mZ (mZ :Z boson mass),
while eCγR, eC
γ
M/2mχ, and f
(N)
V are scaled as 1/m
2
χ. In Fig. 5, eC
γ
R looks protortional to
1/mχ though we found it accidental.
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4.2 Scattering cross section
By using the effective couplings obtained above, we evaluate the differential scattering
cross section of the DM with a target nucleus with respect to the recoil energy ER:
dσχT
dER
= F 2c (ER)
[
Z2e2
4pi
(
1
ER
− 1
EmaxR (v
2
rel)
)
(CγM)
2 +
Z2e2
4piv2rel
1
ER
(CγE)
2
+
mT
2piv2rel
∣∣∣∣Z (f (p)S + f (p)V − eCγR − e2mχCγM
)
+ (A− Z)
(
f
(n)
S + f
(n)
V
)∣∣∣∣2] , (30)
where A, Z, and mT are the atomic number, mass number, and mass of the target nucleus,
respectively. vrel is the relative velocity of the DM and the target nucleus with vrel ≡ |vrel|,
and EmaxR (v
2
rel) = 2m
2
χmTv
2
rel/(mχ +mT )
2 is the maximum recoil energy for a given vrel.
Fc(ER) is the nuclear form factor, for which we exploit the Lewin-Smith parametrization
[38] of the Helm form factor [39]:
F 2c (ER) =
(
3j1(qR)
qR
)2
e−q
2s2 , (31)
with j1(x) a spherical Bessel function of the first kind, q =
√
2mTER, s = 0.9 fm,
R =
√
c2 + 7
3
pi2a2 − 5s2, a = 0.52 fm, and c = (1.23A1/3 − 0.60) fm.
Figure 6 shows the first, second, and third terms in the square bracket in Eq. (30) as
functions of the DM mass in the black, purple, and green lines, respectively; we refer to
them as the MDM, EDM, and Contact contributions, respectively. Here we take the same
parameter sets as in Fig. 2, with the solid (dashed) lines correspond to arg(b) = 0.1 (1)
degrees, and fix the rest of the parameters in Eq. (30) to be ER = 30 keV, vrel = 232 km/s,
Z = 54, A = 131, and mT ' 122 GeV (for 131Xe). As we see, the Contact contributions
in Model I-C, II-A, and II-B are much smaller than the MDM and EDM contributions
due to the cancellation found in Fig. 5. Moreover, if there is a sizable CP violation in
the DM couplings, the EDM contribution dominates the other contributions, since this
contribution is strongly enhanced at low recoil energy because of the long-range photon
exchange, as can be seen in Eq. (30).
4.3 Event rate
We are now ready to estimate the expected number of events in direct detection exper-
iments. The differential event rate of the DM-target nuclei scattering process per unit
detector mass is
dR
dER
=
ρDM
mTmχ
∫ ∞
vmin(ER)
d3vrel vrel f⊕(vrel)
dσχT
dER
, (32)
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Figure 6: The first, second, and third terms in the square bracket in Eq. (30) as functions of
DM mass in black, purple, and green lines, respectively. Here we take the same parameter
sets as in Fig. 2, with the solid (dashed) lines correspond to arg(b) = 0.1 (1) degrees, and
fix the rest of the parameters in Eq. (30) to be ER = 30 keV, vrel = 232 km/s, Z = 54,
A = 131, and mT ' 122 GeV (for 131Xe).
where ρDM is the local DM density, f⊕(vrel) is the DM velocity distribution in the lab
frame, and vmin(ER) is the minimum speed required to yield recoil energy ER:
vmin(ER) =
√
(mχ +mT )2ER
2m2χmT
. (33)
For the DM velocity distribution, we assume a Maxwell-Boltzmann distribution in the
galactic frame with a maximum speed that is set to be equal to the galaxy escape velocity
vesc; namely,
f⊕(v) = f(v + vE) , (34)
with vE denotes the velocity of the Earth with respect to the galactic frame and
f(v) =
{
1
N
e−v
2/v20 (|v| < vesc)
0 (|v| > vesc)
, (35)
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with
N = pi3/2v30
[
erf
(
vesc
v0
)
− 2vesc√
piv0
e
− v
2
esc
v20
]
. (36)
From Eqs. (30) and (32), we see that to obtain the differential event rate we need to
perform the following integrals with respect to the relative velocity:
ζ(ER) =
∫ ∞
vmin(ER)
d3vrel
vrel
f(vrel + vE) , ξ(ER) =
∫ ∞
vmin(ER)
d3vrel vrel f(vrel + vE) . (37)
We give analytical expressions for these integrals in Appendix C.
4.4 Direct detection bound
When we consider limits from direct detection experiments on a given model, it is often
the case that we compute the DM-nucleon scattering cross section in the model and
compare this with the bounds on this quantity obtained by direct detection experiments.
In the present case, however, we are unable to adopt this strategy due to the following
reasons. First, as can be seen in Eq. (30), the differential scattering cross section in our
models may have several components that have different dependence on recoil energy,
while in obtaining the direct detection limits the recoil-energy dependence is assumed to
be the same as that of contact interactions (the second line in Eq. (30)). Second, the
DM-proton scattering cross section may be quite different from that of the DM-neutron
scattering in our model, while in the ordinary cases those two quantities are almost the
same. Consequently, to study the current limits on our models from direct DM searches
and their future prospects, we need to compute the number of events Nevent in each direct
detection experiment by integrating out dR/dER over the recoil energy ER with taking
account of the detection efficiency, and compare this with the results from the existing
experiments or with the sensitivities expected in the future experiments.
The prescriptions for this procedure exploited in this paper are given for each direct
detection experiment in Appendix D. In this work, we use the latest result from the
XENON1T experiment [40] to obtain the current bound. For the estimate of future
prospects, we consider the expected sensitivity of the XENONnT [41].8 To obtain the
expected number of events, we use ρDM = 0.3 GeV·cm−3, v0 = 220 km/s, vesc = 544 km/s,
and vE = 232 km/s as in Ref. [40].
In Fig. 7, we show the current constraints on the DM-MDM and DM-EDM as functions
of the DM mass by the green shaded regions, which correspond to the XENON1T 90%
C.L. exclusion limit [40]. Here, we adopt the normalization in Eq. (24), and assume
f
(p)
S = f
(n)
S = f
(p)
V = f
(n)
V = C
γ
R = 0. We also show the sensitivity of XENONnT [41]
in the green solid line. In addition, for comparison, we show the values of gM and gE
predicted in Model I-A, which have already been shown in Fig. 2. It is found that the DM
direct detection experiments are able to probe the singlet Dirac fermion DM at the TeV
8We have checked that the expected sensitivity of the LUX-ZEPLIN (LZ) [42] is quite similar to that
of the XENONnT.
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Figure 7: Current constraints from XENON1T [40] on the DM-MDM and DM-EDM as
functions of the DM mass shown in the green shaded regions, as well as the sensitivity of
XENONnT [41] in the green solid line. We also show values of gM and gE predicted in
Model I-A, which have already been shown in Fig. 2.
scale through the MDM and EDM interactions; in particular, the EDM interaction may
allow us to probe the DM with a mass of as large as O(10) TeV if there is a sizable CP
violation in the DM couplings. More detailed analysis for each model is given in Sec. 6.
5 Electric Dipole Moments
As we mentioned above, the DM-EDM is induced only in the presence of CP phases in
the couplings of new particles. Such CP phases may also induce CP-odd quantities in
the SM sector, which can be probed via the measurements of the EDMs of electron and
nucleons. In this section, we evaluate these EDMs induced in our models.
5.1 CP violation in the DM interactions
Let us first consider the case with ϕµf 6= 0. In this case, in Model I, the non-zero CP
phase ϕµf induces the Weinberg operator [12] at the two-loop level through the diagram
depicted in Fig. 8:9
LCP = −
1
6
w fABCµνρσGAµλG
Bλ
ν G
C
ρσ , (38)
9ϕAf¯ also induces the Weinberg operator, but this contribution is smaller than that from ϕµf as it is
always accompanied by the insertion of Higgs VEVs.
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ψfi
χ
f˜j
Figure 8: Feynman diagram that induces the Weinberg operator. The gluon lines are
attached to the vector-like quark and/or scalar lines.
where fABC denotes the structure constants of SU(3) and µνρσ is the totally antisymmetric
tensor with 0123 = 1. We give an analytical expression for the Wilson coefficient w in
Appendix E.1, which we derive from generic results obtained in Ref. [43].
This Weinberg operator induces non-zero EDMs of nucleons, which are estimated by
means of the QCD sum rules [44]:
dN(w)/e = ±(10− 30) MeV× w(1 GeV) , (39)
for N = n, p, where w(1 GeV) denotes the Wilson coefficient of the Weinberg operator at
the scale of 1 GeV. In our numerical analysis, we use dN(w)/e = +20 MeV × w(1 GeV)
as a reference value. We obtain w(1 GeV) by evolving the Wilson coefficient from the
matching scale down to 1 GeV according to the renormalization group equation (RGE).
The RGE for w at the leading order is given by [45]
d
d lnµR
w(µR) =
αs(µR)
4pi
(Nc + 2Nf )w(µR) , (40)
where Nc = 3 and Nf are the numbers of colors and quark flavors, respectively, and µR
denotes the renormalization scale.
In Fig. 9, we show the nucleon EDM induced by the CP-violating couplings between
the DM and the mediator fields. Here, we take the same parameter sets as in Model I-A in
Fig. 2, with arg(b) = 0.1 and 45 degrees in the black solid and dashed lines, respectively.
The dark and light magenta regions correspond to the current bound on the neutron
EDM (|dn| ≥ 2.9× 10−26 e · cm [46]) and the future prospects for the observation of the
proton EDM (|dp| ≥ 2.5× 10−29 e · cm [47]), respectively. As we see, although the present
limit is not sensitive to the CP phases in the DM couplings yet, they may be probed in
future measurements of the nucleon EDMs. Notice that the Weinberg operator depends
on the CP phases in the DM couplings in the same manner as the DM EDM, as we see
from Eqs. (50) and (110). We thus expect a strong correlation between the DM-nucleus
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Figure 9: Nucleon EDM induced by the CP-violating interactions between the DM and
the mediator fields. We take the same parameter sets as in Model I-A in Fig. 2, with
arg(b) = 0.1 and 45 degrees in black solid and dashed lines, respectively. Dark and
light magenta regions correspond to the current bound on the neutron EDM (|dn| ≥
2.9 × 10−26 e · cm [46]) and the future prospects for the observation of the proton EDM
(|dp| ≥ 2.5× 10−29 e · cm [47]), respectively.
scattering cross section and the nucleon EDM with respect to the CP phases in the DM
couplings, which we actually see in the subsequent section.
5.2 CP violation in the vector-like fermion-Higgs couplings
The CP phases in the vector-like fermion-Higgs couplings, ϕκf¯ , can also be probed in
EDM experiments, as they induce the electron EDM at two-loop level through the Barr-
Zee diagrams [51] shown in Fig. 10:
Le = − i
2
de e¯σ
µνγ5eF
µν . (41)
The resultant expressions for these two-loop contributions are summarized in Appendix E.2.
The predicted values of the electron EDM in Model I and II are then given in Figs. 11
and 12. In Fig. 11, we show each contribution to the electron EDM as a function of
the fermion mass parameter µ. The black, red, blue, and green lines represent the total,
WW , hγ, and hZ contributions, respectively, with the sign of each contribution indicated
explicitly. Here, the hγ and hZ contributions come from the upper left diagram while the
WW contribution from the other diagrams in Fig. 10. We set µQ = µL = µ + 100 GeV,
µu¯ = µ + 50 GeV, µd¯ = µe¯ = µ, κ = κf¯ = κ
′¯
f
, |κ| = 0.5, and arg(κ) = 45 deg.
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Figure 10: Barr-Zee diagrams for electron EDM.
The dark and light gray areas correspond to the present bound on the electron EDM
(|de| ≥ 8.7× 10−29 e · cm [48]) and the future prospects for the observation of the electron
EDM (|de| ≥ 1.0 × 10−30 e · cm [49, 50]), respectively. As we see, the signs of the WW
contributions in Model I and II are different from each other. We then show the contour
plots for the electron EDM in the µ-arg(κ) plane in Fig. 12, with the same parameter
sets except for arg(κ). These plots show that even the present limit gives a strong con-
straint on the vector-like fermions at the TeV scale if there is an O(1) CP phase in their
couplings, which may be pushed down to as strong as O(0.01) in the future.
In Model I, a non-zero value of ϕκf¯ also induces the EDM and chromo-EDM of quarks
through the Barr-Zee diagrams,10 which then give rise to the nucleon EDMs. We see
however that the limit from the neutron EDM is weaker than that from the electron
EDM; we hence do not give further analyses on this here, though we provide an analytical
expression of the quark chromo-EDM in Appendix E.2 just for completeness. Nevertheless,
we note in passing that the quark EDM and chromo-EDM can be important when we
discuss the effect of the Weinberg operator considered in the previous subsection, as all
of these quantities can give comparable contributions to nucleon EDM.
6 Results
Now we study the experimental constraints discussed above on the parameter space of our
models and assess their testability. We again consider the simplified scenarios described
in Sec. 4 with parameters taken to be a = |b| = 1, λ′Q = λ′L = 0, λf = κf¯ = κ′¯f = 0.5,
10For the contribution to the quark chromo-EDM, the relevant diagram is obtained from the upper left
diagram in Fig. 10 by replacing the γ/Z lines with gluon lines.
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Figure 11: Each contribution to the electron EDM as a function of the fermion mass
parameter µ. Black, red, blue, and green lines show the total, WW , hγ, and hZ con-
tributions, respectively, with the sign of each contribution indicated explicitly. We set
µQ = µL = µ + 100 GeV, µu¯ = µ + 50 GeV, µd¯ = µe¯ = µ, κ = κf¯ = κ
′¯
f
, |κ| = 0.5,
and arg(κ) = 45 deg. Dark and light gray areas correspond to the present bound on the
electron EDM (|de| ≥ 8.7× 10−29 e · cm [48]) and the future prospects for the observation
of the electron EDM (|de| ≥ 1.0× 10−30 e · cm [49, 50]), respectively.
µQ = µL = 800 GeV, µu¯ = 750 GeV, µd¯ = µe¯ = 700 GeV, m˜Q = m˜L = 1.2M , m˜u¯ = 1.1M ,
m˜d¯ = m˜e¯ = M , Af¯ = 2M , and M = 1.1mχ.
Let us begin with the CP-conserving cases. Figure 13 shows the current limits provided
by XENON1T [40] (green shaded area) and the expected sensitivity of XENONnT [41]
(green solid line) in the parameter space of each model. The gray shaded area represents
the region where the DM density exceeds the observed value: ΩDMh
2 ≥ 0.12. Here, we
take arg(b) = 0. We find that at present the allowed region with ΩDMh
2 ≤ 0.12 exists in
all of the models, where the masses of both the DM and new scalar particles are predicted
to be at the TeV scale. All of these allowed regions can be fully probed in the future
direct detection experiments.
Next we discuss the cases where there is a non-zero CP phase in the DM-mediator
interactions. In Fig. 14, we again show current limits provided by XENON1T [40] (green
shaded area) and the expected sensitivity of XENONnT [41] (green solid line) in the
parameter space of each model, where we now vary arg(b). We also show the predicted
values of the nucleon EDM in the magenta solid lines, as well as the expected reach
provided by the future nucleon EDM search, |dp| ≥ 2.5× 10−29 e · cm [47], in the magenta
shaded region. The gray shaded area represents the region where the DM density exceeds
the observed value: ΩDMh
2 ≥ 0.12. Here we take mχ = 3 TeV, 2 TeV, 2 TeV, 2 TeV,
22
100 101
10-2
10-1
100
101
μ [TeV]
ar
g(κ)[
de
g]
|de / e| [cm] (Model I)
|de
| = 
10
-31  e
cm
|de|
 > 8
.7 ×
 10
-29  e
cm
|de
| > 
10
-30  e
cm|de
| = 
10
-29  e
cm
(a) Model I
100 101
10-2
10-1
100
101
μ [TeV]
ar
g(κ)[
de
g]
|de / e| [cm] (Model II)
|de
| > 
8.7
 × 1
0-2
9  ec
m
|de
| > 
10
-30  e
cm
|de
| = 
10
-29  e
cm
|de
| = 
10
-31  e
cm
(b) Model II
Figure 12: Contour plots for the electron EDM. We take the same parameters as in
Fig. 11 except for arg(κ). Dark and light gray areas correspond to the present bound
on the electron EDM (|de| ≥ 8.7 × 10−29 e · cm [48]) and the future prospects for the
observation of the electron EDM (|de| ≥ 1.0× 10−30 e · cm [49, 50]), respectively.
and 1.5 TeV in the cases of Model I-A, I-B, I-C, II-A, and II-B, respectively. We see
that the limits from the direct detection experiments get quite strong in the presence
of the CP phases in the DM-mediator interactions due to the large contribution of the
DM EDM. Indeed, if the CP phases are O(1), the current limits are so severe that most
of the parameter space with ΩDMh
2 ≤ 0.12 has already been disfavored. In addition,
we see a correlation between the direct detection bound and the predicted value of the
nucleon EDM in the case of Model I, as expected, though it turns out that the regions
which can be covered by the future nucleon EDM searches have already been excluded
by the XENON1T limit. We however note that EDM experiments may still be able to
probe both Model I and II since CP phases in the vector-like-fermion-Higgs couplings
induce the electron and nucleon EDMs without generating the DM EDM, as we see in
the previous section. All in all, even though the relevant physical observables (such as
the DM detection rate and electron/nucleon EDMs) are always induced at loop level in
the singlet Dirac fermion DM scenarios discussed in this paper, they are still detectable
in the forthcoming experiments, and thus these scenarios could be put on the table to be
thoroughly investigated in the future.
7 Conclusion
In this paper, we have studied simplified models for a singlet Dirac fermion DM which
interacts with the SM particles only through radiative corrections. We have considered
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Figure 13: Current limits provided by XENON1T [40] (green shaded area) and expected
sensitivity of XENONnT [41] (green solid line) in the parameter space of each model. The
gray shaded area represents the region where the DM density exceeds the observed value:
ΩDMh
2 ≥ 0.12. Here, we take arg(b) = 0.
the cases where certain sets of vector-like fermions and complex scalars are introduced as
mediator fields, which are supposed to interact with the SM gauge and Higgs bosons at
the renormalizable level. The Dirac fermion DM has phenomenologically distinct features
as it is able to have vector and tensor couplings, which in general result in a large DM-
nucleus scattering rate. In addition, the Dirac fermion DM particles can pair-annihilate
in the s-wave processes without suffering from a chirality suppression, which allows the
DM to avoid overproduction even if the DM mass is > 1 TeV. Indeed, we have found that
the right amount of DM abundance is obtained for a DM mass of O(1) TeV with O(1)
DM-mediator couplings, if vector-like fermions are lighter than the Dirac fermion DM.
These simplified models generically introduce new CP phases in the couplings. If there
is a CP phase in the DM-mediator couplings, the DM acquires an EDM, which strongly
enhances the DM-nucleus scattering cross section. Such a CP phase also induces nucleon
EDMs via the Weinberg operator if the mediator fields have color charges (Model I). Even
if the mediators are non-colored particles, CP phases in the couplings between the vector-
like fermions and the SM Higgs field generate the electron and nucleon EDMs through
the Barr-Zee diagrams.
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Figure 14: Current limits provided by XENON1T [40] (green shaded area) and expected
sensitivity of XENONnT [41] (green solid line) in the parameter space of each model. We
also show the predicted values of the nucleon EDM in the magenta solid lines, as well as
the expected reach provided by the future nucleon EDM search, |dp| ≥ 2.5× 10−29 e · cm
[47], in the magenta shaded region. The gray shaded area represents the region where
the DM density exceeds the observed value: ΩDMh
2 ≥ 0.12. Here we take mχ = 3 TeV,
2 TeV, 2 TeV, 2 TeV, and 1.5 TeV in the cases of Model I-A, I-B, I-C, II-A, and II-B,
respectively.
To see the experimental implications of the rich phenomenology of the Dirac fermion
DM, in this paper, we consider the DM direct detection experiments and the EDM mea-
surements, with particular emphasis on the effect of CP phases on the observables in these
experiments. For direct detection experiments, it turns out that the current limit set by
the XENON1T experiment has already started to be excluded the parameter space. In
particular, if there is a sizable CP phase in the DM-mediator couplings, the DM direct
detection rate is significantly enhanced due to the DM-EDM contribution via the photon
exchange so that even the current limit excludes a wide range of the parameter space.
We also find that the future DM experiments can basically probe all of the parameter re-
gion favored by the thermal relic abundance of the DM. As mentioned above, CP phases
in the DM-mediator couplings, which generate the DM-EDM, also induce the nucleon
EDMs in Model I, and in fact we have found a correlation between these observables.
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It is found that the future measurements of nucleon EDMs are less promising compared
with the DM direct detection experiments if these phases are the only source of the extra
CP violation. If, on the other hand, there are CP phases in the couplings between the
vector-like fermions and the SM Higgs field, these phases induce the electron EDM, which
may be probed in the future experiments if the vector-like fermions are at O(1) TeV.
Consequently, even though the relevant observables are generated only at the loop level,
both the DM direct searches and the EDM experiments are quite promising for testing the
singlet Dirac DM scenario discussed in this paper, which makes this scenario a suitable
benchmark for the forthcoming experiments.
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Appendix
A Interactions in Mass Eigenbasis
In this section, we write down the interactions of the new particles in the mass eigenba-
sis. We here use the four-component notation, with vector-like fermion mass eigenstates
defined by
ψfi ≡
(
ψfiL
ψfiR
)
. (42)
A.1 Gauge interactions
We list the gauge interaction terms that are relevant for the discussion in this paper.
Lgauge = −eAµ
∑
f,i
Qfψfiγ
µψfi − gZZµ
∑
f,i,j
ψfiγ
µ
(
CijfZLPL + C
ij
fZRPR
)
ψfj
− g√
2
[
ψuiγ
µW+µ
(
CijQWLPL + C
ij
QWRPR
)
ψdj + ψνγ
µW+µ
(
CiLWLPL + C
i
LWRPR
)
ψei + h.c.
]
− ieAµ
∑
f,i
Qf f˜
∗
i
←→
∂ µf˜i − igZZµ
∑
f,i,j
C˜ijfZ f˜
∗
i
←→
∂ µf˜j + . . . , (43)
with
CijfZL/R =
(
VfL/R
)∗
1i
(
VfL/R
)
1j
T3f −Qf sin2 θW δij ,
CiQWL/R =
(
VuL/R
)∗
1i
(
VdL/R
)
1j
, CiLWL/R = e
± i
2
θL
(
VeL/R
)
1i
,
C˜ijfZ =
(
V˜f
)∗
1i
(
V˜f
)
1j
T3f −Qf sin2 θW δij , (44)
where e > 0 is the electric charge of positron, gZ ≡
√
g′2 + g2, g′ and g are the gauge
coupling constants of U(1)Y and SU(2)L, respectively, PL/R ≡ (1∓ γ5)/2, Qf and T3f are
the electric charge and the weak isospin of the fermion f , respectively, θW is the weak
mixing angle, and A
←→
∂ µB ≡ A(∂µB)− (∂µA)B.
A.2 Higgs couplings
The relevant part of the Higgs interactions is
LHiggs = − 1√
2
∑
f,i,j
hψfi
(
CijfhLPL + C
ij
fhRPR
)
ψfj −
1√
2
∑
f,i,j
C˜ijfh hf˜
∗
i f˜j , (45)
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with
CijfhL =
[
κf¯
(
VfR
)∗
2i
(
VfL
)
1j
+ κ′¯f
(
VfR
)∗
1i
(
VfL
)
2j
]
,
CijfhR = (C
ji
fhL)
∗ ,
C˜ijfh =
[
Af¯
(
V˜f
)∗
2i
(
V˜f
)
1j
+ A∗¯f
(
V˜f
)∗
1i
(
V˜f
)
2j
]
+ v
[
(λf − 2T3fλ′f )
(
V˜f
)∗
1i
(
V˜f
)
1j
+ λf¯
(
V˜f
)∗
2i
(
V˜f
)
2j
]
, (46)
where λ
(′)
u = λ
(′)
d ≡ λ(′)Q , λ(′)ν = λ(′)e ≡ λ(′)L , and λν¯ = 0.
A.3 Dark matter couplings
In the mass eigenbasis, the terms in Eq. (4) are given as follows:
Lχff˜ = χ
(
CijfχLPL + C
ij
fχRPR
)
ψfi f˜
∗
j + h.c. , (47)
with
CijfχL = e
− i
2
θχ
[
af
(
VfL
)
1i
(
V˜f
)∗
1j
+ af¯
(
VfL
)
2i
(
V˜f
)∗
2j
]
,
CijfχR = e
i
2
θχ
[
b∗f
(
VfR
)
1i
(
V˜f
)∗
1j
+ b∗¯f
(
VfR
)
2i
(
V˜f
)∗
2j
]
, (48)
where au = ad ≡ aQ, bu = bd ≡ bQ, aν = ae ≡ aL, bν = be ≡ bL, and aν¯ = bν¯ = 0.
B Effective Interactions of Singlet Dirac Fermion DM
In this appendix, we summarize the one-loop formulae for the Wilson coefficients of the
effective operators considered in Sec. 4.
B.1 DM-photon effective interactions
The Wilson coefficients of the DM-photon effective interactions given in Eq. (23), which
are induced by the diagrams shown in Fig. 1, are computed as
CγM =
e
(4pi)2mχ
∑
f,i,j
NcQf
{
CijfχSS gM1(mχ, m˜fj ,mfi) +
mfi
mχ
Re
[
CijfχLC
ij∗
fχR
]
gM2(mχ, m˜fj ,mfi)
}
,
(49)
CγE =
e
(4pi)2m2χ
∑
f,i,j
NcQfmfiIm
[
CijfχLC
ij∗
fχR
]
gE1(mχ, m˜fj ,mfi) , (50)
CγR =
e
(4pi)2m2χ
∑
f,i,j
NcQf
{
CijfχSS gR1(mχ, m˜fj ,mfi) +
mfi
mχ
Re
[
CijfχLC
ij∗
fχR
]
gR2(mχ, m˜fj ,mfi)
}
,
(51)
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where
CijfχSS ≡
1
2
{|CijfχL|2 + |CijfχR|2} , (52)
and Nc is the color factor: Nc = 3 (1) for Model I (II). The mass functions in the above
expressions are given by
gM1(mχ,M,m) = 1− M
2 −m2
2m2χ
ln
(
M2
m2
)
+
∆ +m2χ(M
2 −m2χ +m2)
2m2χ
L , (53)
gM2(mχ,M,m) =
1
2
[
ln
(
M2
m2
)
− (M2 +m2χ −m2)L
]
, (54)
gE1(mχ,M,m) = gM2(mχ,M,m) , (55)
gR1(mχ,M,m) =
1
12
[
8(M2 −m2) +m2χ
m2χ
ln
(
M2
m2
)
− 4
∆
{
4∆ +m2χ(M
2 + 3m2)−m4χ
}
− 1
m2χ∆
{
8∆2 + (9M2 − 5m2χ + 7m2)m2χ∆− 4m2m4χ(3M2 −m2χ +m2)
}
L
]
,
(56)
gR2(mχ,M,m) =
1
3
[
− ln
(
M2
m2
)
+
2m2χ(M
2 −m2)
∆
+
M2 −m2
∆
{
∆ +m4χ −m2χ(M2 +m2)
}
L
]
, (57)
where11
∆(m2χ,M
2,m2) ≡ m4χ − 2m2χ(M2 +m2) + (M2 −m2)2 , (58)
and
L(m2χ,M
2,m2) ≡

1√
∆
ln
(
M2+m2−m2χ+
√
∆
M2+m2−m2χ−
√
∆
)
(∆ > 0)
2√
|∆|arctan
( √
|∆|
M2+m2−m2χ
)
(∆ < 0)
. (59)
We have checked that µχ and bχ in Ref. [8] are reproduced from the above expressions
for CγM and C
γ
R, respectively, by taking C
ij
fχL = 0, and C
γ
M , C
γ
E, and C
γ
R are consistent
with those given in Ref. [10]. From Eq. (50), we see that the DM-EDM can be generated
only in the presence of the left-right mixing as well as a non-zero imaginary component of
the product CijfχLC
ij∗
fχR, which are not required for the generation of DM-MDM and DM
charge radius.
11∆ can be factorized as ∆ = (M −mχ −m)(M −mχ +m)(M +mχ −m)(M +mχ +m).
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B.2 DM-Z effective interactions
The diagrams in Fig. 1 also generate the effective DM-Z vector coupling,12 which gives
rise to the DM-quark vector interactions. In the broken phase, this coupling is represented
by
LχZ = −gZCχZ χγµχZµ , (60)
where the coupling CχZ is given by
CχZ =
1
(4pi)2
∑
f,i,j,k
Nc
[
CkijfZ1 gZ1(mχ, m˜fk ,mfi ,mfj)
+ CkijfZ2 gZ2(mχ, m˜fk ,mfi ,mfj) + C
kij
fZ3 gZ3(mχ, m˜fk ,mfi ,mfj)
+ C˜jkifZ1 g˜Z1(mχ, m˜fj , m˜fk ,mfi) + C˜
jki
fZ2 g˜Z2(mχ, m˜fj , m˜fk ,mfi)
]
, (61)
with
CkijfZ1 =
1
2
[
CijfZRC
ik
fχRC
jk∗
fχR + C
ij
fZLC
ik
fχLC
jk∗
fχL
]
, (62)
CkijfZ2 =
mfimfj
2m2χ
[
CijfZRC
ik
fχLC
jk∗
fχL + C
ij
fZLC
ik
fχRC
jk∗
fχR
]
, (63)
CkijfZ3 =
1
2mχ
[
CijfZR
{
mfiC
ik
fχLC
jk∗
fχR +mfjC
ik
fχRC
jk∗
fχL
}
+ CijfZL
{
mfiC
ik
fχRC
jk∗
fχL +mfjC
ik
fχLC
jk∗
fχR
}]
, (64)
C˜jkifZ1 =
1
2
C˜jkfZ
[
CikfχLC
ij∗
fχL + C
ik
fχRC
ij∗
fχR
]
, (65)
C˜jkifZ2 =
mfi
2mχ
C˜jkfZ
[
CikfχLC
ij∗
fχR + C
ik
fχRC
ij∗
fχL
]
, (66)
12The same diagrams also induce the DM-Z axial-vector couplings. These couplings result in the DM-
quark interactions that are velocity-suppressed or spin-dependent, both of which are not considered in
our analysis.
30
and
gZ1(mχ,M,mi,mj) = −1
2
∆,µ +
1
2
lnM +
m2i lnmi −m2j lnmj
2(m2i −m2j)
+
m2i +m
2
j − 2M2 −m2χ
2m2χ
+
m4i +m
4
j −m2im2j − 3M2(m2i +m2j −M2)−m2χ(m2i +m2j + 2M2)
4m4χ
ln
(
M2
mimj
)
− 1
4m4χ(m
2
i −m2j)
[
2m6χ − 6m4χM2 +m2χ
{
6M4 − 2M2(m2i +m2j)−m4i −m4j
}
− 2M6 + 3M4(m2i +m2j)− 3M2(m4i +m4j) +m6i +m6j
]
ln
(
mi
mj
)
+
{(M2 −m2i )2 + (M2 −m2χ)2 −M4}∆(m2χ,M2,m2i )
4m4χ(m
2
i −m2j)
L(m2χ,M
2,m2i )
− {(M
2 −m2j)2 + (M2 −m2χ)2 −M4}∆(m2χ,M2,m2j)
4m4χ(m
2
i −m2j)
L(m2χ,M
2,m2j) , (67)
gZ2(mχ,M,mi,mj) =
M2 −m2χ
m2i −m2j
ln
(
mi
mj
)
+
1
2
[
ln
(
M2
mimj
)
− m
2
i +m
2
j
m2i −m2j
ln
(
mi
mj
)]
+
1
2(m2i −m2j)
[
∆(m2χ,M
2,m2i )L(m
2
χ,M
2,m2i )−∆(m2χ,M2,m2j)L(m2χ,M2,m2j)
]
, (68)
gZ3(mχ,M,mi,mj) =
1
2
+
m2i +m
2
j − 2M2
4m2χ
ln
(
M2
mimj
)
− m
4
i +m
4
j − 2M2(m2i +m2j) + 2(M2 −m2χ)2
4m2χ(m
2
i −m2j)
ln
(
mi
mj
)
+
(m2i −M2 +m2χ)∆(m2χ,M2,m2i )L(m2χ,M2,m2i )− (m2j −M2 +m2χ)∆(m2χ,M2,m2j)L(m2χ,M2,m2j)
4m2χ(m
2
i −m2j)
, (69)
g˜Z1(mχ,Mi,Mj,m) =
1
2
∆,µ − 1
2
lnm− M
2
i lnMi −M2j lnMj
2(M2i −M2j )
+
M2i +M
2
j − 2m2 +m2χ
2m2χ
+
3m2(m2 −M2i −M2j )−m2χ(M2i +M2j ) +M4i +M4j +M2iM2j
4m4χ
ln
(
m2
MiMj
)
−M
6
i +M
6
j − (3m2 +m2χ)(M4i +M4j ) + 3m4(M2i +M2j )− 2(m2 −m2χ)2(m2 +m2χ)
4m4χ(M
2
i −M2j )
ln
(
Mi
Mj
)
+
{(M2i −m2)2 −m4χ}∆(m2χ,M2i ,m2)L(m2χ,M2i ,m2)− {(M2j −m2)2 −m4χ}∆(m2χ,M2j ,m2)L(m2χ,M2j ,m2)
4m4χ(M
2
i −M2j )
,
(70)
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g˜Z2(mχ,Mi,Mj,m) = −1−
M2i +M
2
j − 2m2
2m2χ
ln
(
m2
MiMj
)
+
M4i +M
4
j − 2m2(M2i +M2j ) + 2(m2 −m2χ)2
2m2χ(M
2
i −M2j )
ln
(
Mi
Mj
)
+
(m2 −m2χ −M2i )∆(m2χ,M2i ,m2)L(m2χ,M2i ,m2)− (m2 −m2χ −M2j )∆(m2χ,M2j ,m2)L(m2χ,M2j ,m2)
2m2χ(M
2
i −M2j )
,
(71)
where ∆,µ denotes a divergent constant term. This divergent constant does not appear
in CχZ since ∑
i,j,k
CkijfZ1 =
∑
i,j,k
C˜jkifZ1 (72)
follows from the unitarity of VfL/R and V˜f , and thus the divergent terms in gZ1 and g˜Z1
cancel with each other. We further note that the effective DM-Z coupling CχZ can be
generated only after the electroweak symmetry is spontaneously broken; since the DM is
singlet under the electroweak gauge symmetry, it can couple to the Z boson only via the
electroweak symmetry breaking effects. Diagrammatically, such effects are represented by
the insertion of the Higgs VEVs into the diagrams in Fig. 1, and they are represented by
effective interactions including the Higgs field with more than dimention six. We have
checked that the above expressions are consistent with the result given in Ref. [8].
B.3 DM-Higgs effective interactions
The DM-Higgs effective scalar coupling is induced by the one-loop diagrams shown in
Fig. 3. We parametrize the coupling in the broken phase as
Lχh = 1√
2
Cχhχχh . (73)
Again, the generation of this coupling requires the electroweak symmetry breaking. It is
represented by effective operators including the Higgs field with more than dimension-five.
We neglect the pseudo-scalar coupling as it is always suppressed by the DM velocity. The
coupling Cχh is computed as follows:
Cχh =
1
(4pi)2
∑
f,i,j,k
Nc
[
Ckijfh1 gh1(mχ, m˜fk ,mfi ,mfj)
+ Ckijfh2 gh2(mχ, m˜fk ,mfi ,mfj) + C
kij
fh3 gh3(mχ, m˜fk ,mfi ,mfj)
+ C˜jkifh1 g˜h1(mχ, m˜fj , m˜fk ,mfi) + C˜
jki
fh2 g˜h2(mχ, m˜fj , m˜fk ,mfi)
]
, (74)
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with
Ckijfh1 =
1
2
[
CijfhRC
ik
fχLC
jk∗
fχR + C
ij
fhLC
ik
fχRC
jk∗
fχL
]
, (75)
Ckijfh2 =
mfimfj
2m2χ
[
CijfhRC
ik
fχRC
jk∗
fχL + C
ij
fhLC
ik
fχLC
jk∗
fχR
]
, (76)
Ckijfh3 =
1
2mχ
[
CijfhR
{
mfiC
ik
fχLC
jk∗
fχL +mfjC
ik
fχRC
jk∗
fχR
}
+ CijfhL
{
mfiC
ik
fχRC
jk∗
fχR +mfjC
ik
fχLC
jk∗
fχL
}]
, (77)
C˜jkifh1 =
1
2mχ
C˜jkfh
[
CikfχLC
ij∗
fχL + C
ik
fχRC
ij∗
fχR
]
, (78)
C˜jkifh2 =
mfi
2m2χ
C˜jkfh
[
CikfχLC
ij∗
fχR + C
ik
fχRC
ij∗
fχL
]
, (79)
and the mass functions are given by
gh1(mχ,M,mi,mj) = 2 + ∆,µ − lnM −
m2i lnmi −m2j lnmj
m2i −m2j
+
m2i +m
2
j −M2
2m2χ
ln
(
M2
mimj
)
− m
4
i +m
4
j −M2(m2i +m2j)
2m2χ(m
2
i −m2j)
ln
(
mi
mj
)
+
m2i∆(m
2
χ,M
2,m2i )L(m
2
χ,M
2,m2i )−m2j∆(m2χ,M2,m2j)L(m2χ,M2,m2j)
2m2χ(m
2
i −m2j)
, (80)
gh2(mχ,M,mi,mj) = gZ2(mχ,M,mi,mj) , (81)
gh3(mχ,M,mi,mj) = gZ3(mχ,M,mi,mj) , (82)
g˜h1(mχ,Mi,Mj,m) =
1
2
+
M2i +M
2
j − 2(m2 +m2χ)
4m2χ
ln
(
m2
MiMj
)
− M
4
i +M
4
j − 2(M2i +M2j )(m2 +m2χ)− 2(m4χ −m4)
4m2χ(M
2
i −M2j )
ln
(
Mi
Mj
)
+
(M2i −m2 −m2χ)∆(m2χ,M2i ,m2)L(m2χ,M2i ,m2)− (M2j −m2 −m2χ)∆(m2χ,M2j ,m2)L(m2χ,M2j ,m2)
4m2χ(M
2
i −M2j )
,
(83)
g˜h2(mχ,Mi,Mj,m) = −1
2
ln
(
m2
MiMj
)
+
M2i +M
2
j + 2(m
2
χ −m2)
2(M2i −M2j )
ln
(
Mi
Mj
)
− ∆(m
2
χ,M
2
i ,m
2)L(m2χ,M
2
i ,m
2)−∆(m2χ,M2j ,m2)L(m2χ,M2j ,m2)
2(M2i −M2j )
. (84)
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Again, the divergent constant ∆,µ in gh1 does not contribute to Cχh since∑
i,j,k
Ckijfh1 = 0 . (85)
We have checked that the above expressions are consistent with the results given in
Refs. [8, 10].
B.4 DM-gluon effective interactions
The diagrams in Fig. 4 give rise to the effective DM-gluon scalar coupling.13 At the vector-
like fermion mass threshold, the Wilson coefficient of the gluon operator in Eq. (25),
CgS(mvec), is given by [53]
CgS(mvec) =
1
16
[
CijfχSSmχ
{
gg1(mχ, m˜fj ,mfi) + gg2(mχ, m˜fj ,mfi)
}
+ Re
[
CijfχLC
ij∗
fχR
]
mfi
{
gg3(mχ, m˜fj ,mfi) + gg4(mχ, m˜fj ,mfi)
}]
, (86)
where CijfχSS is defined in Eq. (52) and
gg1(mχ,M,m) = −
(∆− 6M2m2)(M2 +m2 −m2χ)
6∆2M2
− 2M
2m4
∆2
L , (87)
gg2(mχ,M,m) = −∆ + 12M
2m2
6∆2
+
m2M2(M2 +m2 −m2χ)
∆2
L , (88)
gg3(mχ,M,m) = −
3∆M2 − (∆− 6m2M2)(M2 −m2 +m2χ)
6∆2M2
+
m2M2(M2 −m2 −m2χ)
∆2
L , (89)
gg4(mχ,M,m) =
3∆m2 + 2(∆ + 3m2M2)(M2 −m2 −m2χ)
6∆2m2
− M
2{∆ +m2(M2 −m2 +m2χ)}
∆2
L . (90)
B.5 Low-energy DM-quark/gluon couplings
The DM-quark low-energy effective interactions in Eq. (25) are obtained from the DM-Z
and DM-Higgs effective couplings, CχZ and Cχh, by integrating out the Z and Higgs boson
13It is found to be convenient to compute these diagrams in the Fock-Schwinger gauge [52], where the
diagrams (a) and (c) vanish [53], the diagram (b) gives gg1 and gg3, and the diagram (d) yields gg2 and
gg4.
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fields, respectively:
CqV = −
2
v2
(T3q − 2Qq sin2 θW )CχZ , (91)
CqS = −
1√
2m2hv
Cχh , (92)
where T3q = +1/2 (−1/2) and Qq = 2/3 (−1/3) for up-type (down-type) quarks, v '
246 GeV is the Higgs VEV, θW is the weak-mixing angle, and mh is the Higgs boson mass.
For the DM-gluon low-energy coupling CgS, not only the contribution from the diagrams
in Fig. 4, CgS(mvec), but also those from the DM-heavy quark interactions induced by the
Higgs coupling Cχh should be included. We thus have
CgS = C
g
S(mvec) +
1
4
√
2m2hv
Cχh , (93)
where the second term in the right-hand side represents the contributions from charm,
bottom, and top quarks. These long-distance contributions receive relatively large QCD
corrections—for the inclusion of such corrections, see Refs. [36, 54].
C Velocity Integrals
As we see in Sec. 4.3, to obtain the differential event rate we need to perform the following
velocity integrals:
ζ(ER) =
∫ ∞
vmin
d3v
v
f(v + vE) , ξ(ER) =
∫ ∞
vmin
d3v v f(v + vE) , (94)
with
f(v) =
{
1
N
e−v
2/v20 (|v| < vesc)
0 (|v| > vesc)
, (95)
where
N = pi3/2v30
[
erf
(
vesc
v0
)
− 2vesc√
piv0
e
− v
2
esc
v20
]
. (96)
With this constant N , the distribution function f(v) is normalized such that∫
d3v f(v) = 1 . (97)
In what follows, we summarize analytical expressions of the integrals in Eq. (94).
The analytical expression for the integral ζ(ER) is given in Refs. [55, 56]:
• For vE + vmin < vesc,
ζ(ER) =
pi3/2v30
2NvE
[
erf
(
vmin + vE
v0
)
− erf
(
vmin − vE
v0
)
− 4vE√
piv0
exp
(
−v
2
esc
v20
)]
.
(98)
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• For vmin > |vesc − vE| and vE + vesc > vmin,
ζ(ER) =
pi3/2v30
2NvE
[
erf
(
vesc
v0
)
+ erf
(
vE − vmin
v0
)
− 2√
pi
{
vesc + vE − vmin
v0
}
e
− v
2
esc
v20
]
.
(99)
• For vE > vmin + vesc,
ζ(ER) =
1
vE
. (100)
• For vE + vesc < vmin,
ζ(ER) = 0 . (101)
An analytical expression for ξ(ER) is given as follows:
• For vE + vmin < vesc,
ξ(ER) =
pi3/2v50
4NvE
[
v20 + 2v
2
E
v20
{
erf
(
vmin + vE
v0
)
− erf
(
vmin − vE
v0
)}
− 8vE√
piv0
e
− v
2
esc
v20
+
2√
pi
{
vmin + vE
v0
e
− (vmin−vE)
2
v20 − vmin − vE
v0
e
− (vmin+vE)
2
v20
}
+
4
3
√
pi
{
(vesc − vE)3 − (vesc + vE)3
v30
}
e
− v
2
esc
v20
]
. (102)
• For vmin > |vesc − vE| and vE + vesc > vmin,
ξ(ER) =
pi3/2v50
4NvE
[
v20 + 2v
2
E
v20
{
erf
(
vesc
v0
)
− erf
(
vmin − vE
v0
)}
+
2√
pi
{
vmin + vE
v0
e
− (vmin−vE)
2
v20 − vesc + 2vE
v0
e
− v
2
esc
v20
}
+
4
3
√
pi
{
v3min − (vesc + vE)3
v30
}
e
− v
2
esc
v20
]
. (103)
• For vE > vmin + vesc,
ξ(ER) = vE +
v20
2vE
− 2piv
2
0v
3
esc
3NvE
e
− v
2
esc
v20 . (104)
• For vE + vesc < vmin,
ξ(ER) = 0 . (105)
We have checked that these results are consistent with those given in Ref. [57].
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D Direct Detection Limits/Prospects
In this section, we show our prescription for the estimate of the current limit and future
prospects of the direct detection experiments. For the current bound, we use the latest
result from the XENON1T experiment [40], while for a future experiment, we consider
XENONnT [41]. We have checked that the sensitivity of the LZ experiment [42] is as
good as that of XENONnT.
Recently, the XENON1T collaboration reported their latest result of DM direct search
based on data with an exposure wexp = 278.8 days × 1.30(1) ton. The expected number
of DM-nuclei scattering events in this experiment is estimated as follows [58]:
Nevent = wexp
∫ Smax1
Smin1
dS1
∞∑
n=1
Gauss(S1|n,
√
nσPMT)
∫ ∞
0
dER (ER) Poiss(n|ν(ER)) dR
dER
,
(106)
where Smin1 = 3 photoelectrons (PE), S
max
1 = 70 PE, σPMT is the average single-PE
resolution of the photomultipliers, (ER) is the detection efficiency, and ν(ER) is the
expected number of PEs for a given recoil energy ER. We conservatively take σPMT = 0.4
[59, 60], and read (ER) from the black solid line in Fig. 1 in Ref. [40]. We obtain ν(ER)
from the S1 yield given in the lower left panel in Fig. 13 in Ref. [41], which corresponds
to ν(ER)/ER.
14
To derive a bound from XENON1T, we consider the following Test Statistic as in
Ref. [62]:
TS(mχ) = −2 ln
[L(Nevent)
LBG
]
, (108)
with
L(Nevent) = 1
Nobs!
(Nevent +NBG)
Nobs exp
{−(Nevent +NBG)} , (109)
where Nobs and NBG are the numbers of the observed and background events, respectively,
and LBG ≡ L(0). We obtain 90% CL limits from the condition TS(mχ) > 2.71, with
Nobs = 14 and NBG = 7.36(61) [40], which corresponds to Nevent . 19.5. We have checked
that the bound obtained in this way is more conservative than the XENON1T limit [40]
by a factor of ∼ 2.
To assess the future prospects, we consider XENONnT with an exposure wexp =
20 t · yrs. We then apply the maximum gap method [63] on the assumption of zero
observed events, following Ref. [64]; namely, we require 1 − exp(−Nevent) ≥ 0.9, which
corresponds to Nevent . 2.3.
14We can also estimate ν(ER) using
ν(ER) = ER · Leff · Ly · SNR , (107)
where SNR = 0.95 is the light yield suppression factor for nuclear recoils due to the electric field, Ly =
7.7 PE/keV [41] is the average light yield, and Leff is the relative scintillation efficiency given in Ref. [61].
We have checked that ν(ER) obtained in this manner is in a good agreement with that estimated from
the S1 yield.
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E Electric Dipole Moments
In this section, we summarize the analytical expressions used in the calculation of the
nucleon and electron EDMs.
E.1 Weinberg operator
The Wilson coefficient of the Weinberg operator in Eq. (38) is obtained by computing the
diagram in Fig. 8:
w = − 3g
3
s
2(4pi)4
∑
f=u,d
∑
i,j
mχmfiIm
[
CijfχLC
ij∗
fχR
]
f1(m
2
χ,m
2
fi
, m˜2fj) , (110)
where the mass function f1(m
2
χ,m
2
fi
, m˜2fj) is given in Eq. (3.28) in Ref. [43]. The analytic
expression of f1(m
2
χ,m
2
fi
, m˜2fj) is obtained as
f1(m
2
χ,m
2
fi
, m˜2fj) = −
{
1
3
(
∂
∂m2χ
)3
+
m2χ
6
(
∂
∂m2χ
)4}
I(m2χ, m˜
2
fj
,m2fi), (111)
where I(m2χ, m˜
2
fj
,m2fi) is given in Eq. (2.19) in Ref. [65]. Note that the above expression
contains the same factor as that in Eq. (50): Im[CijfχLC
ij∗
fχR].
E.2 Barr-Zee-type contribution
The electron EDM induced by the Barr-Zee diagrams in Fig. 10 is given by
de = d
hγ
e + d
hZ
e + d
WW
e , (112)
with
dhγe = −
8Ncyee
3
(4pi)4m2h
∑
f,i
Q2f mfiIm[C
ii
fhR] fBZ
(
0,
m2fi
m2h
,
m2fi
m2h
)
, (113)
dhZe = −
4Ncyeg
2
Ze
(4pi)4m2h
(
−1
2
+ 2 sin2 θW
)
×
∑
f,i,j
Qfmfi Im[(C
ji
fZRC
ij
fhR − CjifZLCijfhL)]fBZ
(
m2Z
m2h
,
m2fi
m2h
,
m2fj
m2h
)
, (114)
dWWe = −
3g2e
(4pi)4
me
m4W
∑
i,j
muimdj
[
Qu Im[C
ij∗
QWLC
ij
QWR] fBZ
(
0,
m2dj
m2W
,
m2ui
m2W
)
+Qd Im[C
ji∗
QWLC
ji
QWR] fBZ
(
0,
m2ui
m2W
,
m2dj
m2W
)]
, (115)
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for model I and
dWWe = −
g2e
(4pi)4
me
m4W
∑
i
mνmei
[
QeIm[C
i∗
LWLC
i
LWR] fBZ
(
0,
m2ν
m2W
,
m2ei
m2W
)]
,
for model II, where the mass function is given by
fBZ(r,r1, r2) =
∫ 1
0
dx
1
1− xj
(
r,
xr1 + (1− x)r2
x(1− x)
)
, (116)
j(r, s) =
1
r − s
(
r ln r
r − 1 −
s ln s
s− 1
)
. (117)
Here, mh, mZ , and mW are the Higgs, Z, and W boson masses, respectively, and me
(≡ yev/
√
2) is the electron mass.
In Model I, the CEDM for quark q
L = − i
2
gsd˜q q¯G
A
µνσ
µνTAγ5q, (118)
is also generated from the upper left diagram in Fig. 10 with the γ/Z lines replaced with
gluon lines. The resultant expression is given by
d˜q = − 32g
2
syq
3(4pi)4m2h
∑
f,i
mfiIm[C
ii
fhR]fBZ
(
0,
m2fi
m2h
,
m2fi
m2h
)
. (119)
where the quark Yukawa coupling constant yq is given as mq = yqv/
√
2 (mq: quark mass).
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